The process of blood cell production occurs mainly in the bone marrow. Within the marrow resides a population of pluripotent self-renewing stem cells; it is these cells that give rise to all the blood cells required by the adult animal. Upon cell division a stem cell can do one of two things; self-renew (produce two exact copies of itself) or become committed to differentiation and development (Fig. 1) . The process of self-renewal ensures that the stem cell population is maintained through out the lifespan of the animal, whilst the commitment to differentiate will yield the mature, functional cells required by the peripheral blood and tissues.
In general, the stem cell compartment is thought to be a population of cells the majority of which are withdrawn from the cell cycle (Lajtha, Pozzi, Schofield & Fox, 1969; Hodgson & Bradley, 1984) . However, upon commitment to development these cells enter another compartment, the committed progenitor cell compartment ( Fig. 1) , which is a rapidly cycling population (Eaves & Eaves, 1984; Iscove, Till & McCulloch, 1970) . When stem cells enter into the committed progenitor cell compartment there is little self-renewal, in this case the process of cell division is coupled to differentiation leading to development into mature cells.
How have these stages in haemopoiesis been identified? Classical histological and morphological studies have in the past revealed some features of precursor cells in the Fig. 1 . A general scheme of haemopoiesis: the haemopoietic stem cell gives rise to all the cells of the haemopoietic system shown in this scheme. As cells progress from the stem cell compartment through the committed progenitor cell compartment to maturity amplification of cell numbers is achieved by proliferation; mature cells generally have no capacity for proliferation.
Cells. C F U -S (colony forming unit-spleen). A functional assay in mice detects C F U -S , which belong to the stem cell compartment, but almost certainly do not represent the whole stem cell population; CFC-M ix (colony-forming cells-mixed). A functional assay detects CFC-M ix, a cell type that can produce multilineage colonies in semi-solid media, has some overlap with the C F U -S and represents part of the stem cell compartment: Eos-C FC (eosinophil-C FC ); G M -C FC (granulocyte/macrophage-C F C ); M eg-CFC (megakaryocyte-CFC); Bas-CFC (basophil-CFC); B F U -E (burstforming unit-erythroid), primitive erythroid progenitor cell; C F U -E (colony-forming unit-erythroid), more mature erythroid precursor; RBC (red blood cell).
The self-renewal, differentiation, proliferation and development of haemopoietic cells occur in response to growth factors. IL3 (interleukin 3); HCGF (haemopoietic cell growth factor): this growth factor has a wide range of target cells and can elicit either self renewal or differentiation. It is a 'lineage indifferent' growth factor. E os-C SF (eosinophil-colony stimulating factor): G M -C SFs (granulocyte/macrophage-CSFs), a family of discrete molecules including the granulocyte-specific G -C S F , the macrophage specific M -C SF and the granulocyte/macrophage specific GM-C SF; M eg-C SF (mega karyocyte-CSF); BPA (burst-promoting activity); Epo (erythropoietin); M CGF (mast cell growth factor). The growth factors that act on committed progenitor cells only are 'lineage-restricted'. pluripotent self-renewing (stem) cells in the mouse by their ability to form colonies in the spleen of an irradiated host mouse. These colonies can be shown to contain, or give rise to, all the haemopoietic cell types shown in Fig. 1 , and also to contain further C F U -S (colony forming unit-spleen) cells, that is to say self-renewal of the C F U -S population can occur (Till & McCulloch, 1980) . The second important experimental advance was the development of in vitro assays for all of the committed progenitor cell types. (Metcalf, 1977 ; shown in Fig. 1 ). Assays in vitro are performed by culturing cells in semi-solid medium in the presence of a regulatory factor found in medium conditioned by the growth of various cell types in liquid culture. Under these conditions a single progenitor cell can give rise to a colony that may contain thousands of mature cells after several days. However, the self-renewal capacity of lineage-restricted progenitor cells is limited. In this respect they are a transit population that undergoes a developmental programme of proliferation and development, so that after a few days mature cells only are present. The survival of progenitor cells, their proliferation and the formation of a colony containing mature cells are absolutely dependent on the presence of specific regulatory factors (Burgess, Metcalf, Russell & Nicola, 1980; Metcalf & Merchav, 1982) ; in the absence of such regulators the progenitor cells die.
Many of these regulatory factors have now been characterized. These include granulocyte/macrophage colony-stimulating factor (G M -C S F ), which can stimu late the development of mixed granulocyte/macrophage colonies as well as colonies containing only granulocytes or macrophages (Nicola, Burgess & Metcalf, 1979; Nicola, Metcalf, Johnson & Burgess, 1979) . Two other distinct growth factors, granulocyte colony-stimulating factor (G -C SF ) (Nicola, Metcalf, Matsumoto & Johnson, 1983 ) and macrophage colony-stimulating factor (M -C S F or C S F -1) (Stanley, Guilbert, Tushinski & Bartelmez, 1983) , can stimulate the survival, proliferation and development of progenitor cells that each give rise to one form of colony only, i.e. granulocyte (G -C S F ) and macrophage (C S F -1 ) colonies, respect ively. Similarly, erythropoietin acts on committed erythroid precursor cells to promote the development of mature erythrocytes (Eaves & Eaves, 1984 , Miyake, Kung & Goldwasser, 1977 . All these growth factors show some lineage restriction. That is to say the target cells are a progenitor cell population of a distinct cellular lineage(s). However, a murine haemopoietic growth factor (interleukin 3 (Ihle et al. 1983) or Haemopoietic Cell Growth Factor (H C G F)) has been described that has a multi-lineage stimulatory capacity (Bazill, Haynes, Garland & Dexter, 1983) . In the murine in vitro systems H CGF promotes the self-renewal of C F U -S , the survival, proliferation and development of megakaryocyte, granulocyte, basophilic, macro phage and erythroid progenitor cells, and the formation of mixed colonies from multipotent 'stem' cells (C FC -M ix) (see Fig. 1 ). The ability of H C G F to promote such a variety of lineage-restricted cells to survive, proliferate and develop whilst also allowing the self-renewal of C F U -S argues that this molecule may be of key importance in the regulation of haemopoiesis.
Recently, we have studied the means whereby H C G F/lL-3 can control survival and proliferation in haemopoietic progenitor cells using a granulocyte precursor (F D C -P2) cell line (Bazill et al. 1983) , which is absolutely dependent on H C G F for its survival; in its absence the cells die within 2 4 -4 8 h. We have discovered that this growth factor mediates the survival of F D C -P2 cells by maintaining intracellular A TP levels (in the absence of H C G F, A TP levels undergo a steady decline that precedes any sign of loss of viability by several hours). This control of A TP levels is achieved by the ability of H CG F to control glucose transport and glycolysis (which are key elements in the A TP synthetic machinery of the cell) (Whetton & Dexter, 1983; Whetton, Bazill & Dexter, 1984) . However, these biochemical studies tell us little of the factors controlling haemopoiesis in vivo. Another complementary approach to the elucidation of the elements controlling haemopoiesis has been the identification of the environmental requirements that can permit this process to occur. A culture system has been devised (the long-term marrow culture) that allows the self-renewal of stem cells and their development into mature cells in the absence of any exogenously added haemopoietic colony stimulating factors (Dexter, Allen & Lajtha, 1977) . This is due to the formation of an adherent layer of (stromal) cells from the bone marrow that are absolutely required to maintain the stem cells in vitro.
Thus it appears that an important determinative role is played by the stromal environment of the marrow in the survival, proliferation and development of haemopoietic precursor cells. This role of the stromal cells may (to some extent) be related to their ability to release haemopoietic growth factors into the extracellular medium.
Recently, stromal cell cultures have been shown to elaborate at least three colonystimulating activities, a macrophage colony-stimulating factor, a granulocyte/ macrophage colony-stimulating factor and also a megakaryocyte colony-stimulating factor (Gualtieri, Shadduck, Baker & Quesenberry, 1984) although no biochemical characterization of these factors has been undertaken. Nonetheless, these results imply that the stromal environment, as well as providing important cell-cell inter actions (Dexter, 1982; Allen & Dexter, 1984) , may also secrete growth factors into the medium. The role of these factors in self-renewal, commitment to differ entiation, and the survival, proliferation and development of committed progenitor cells is still unclear.
How does this model of control of haemopoiesis explain the number of diverse diseases associated with blood cell production? In the case of malignant diseases the aberrant expression of oncogene protein products is associated with transformation of specific cells, which can then proliferate in an uncontrolled fashion. This is known to be the case in some leukaemias, but the type of cell that is transformed is of some significance. It has already been said that most mature haemopoietic cells cannot proliferate (indeed erythrocytes and platelets have lost their genetic material). The target cells for transformation must therefore be the stem cells or the committed progenitor cell compartment. In normal haemopoiesis the committed progenitor cells can proliferate and develop to mature cells. It is possible, therefore, that an imbalance between development and proliferation occurs that leads to proliferation with no development, i.e. a self-renewing population in the progenitor cell compartment (Dexter & Lajtha, 1981) or, indeed, uncontrolled self-renewal in the stem cell compartment. Many leukaemic cells have a phenotype that is very similar to committed progenitor cells (Greaves, 1982) . Thus, an aberrant response to a growth factor (which normally signals 'proliferate and develop'), leading to proliferation alone, may well be a key step in the process of leukaemogenesis.
It is now well known that some oncogene protein products are related to growth factors or agents involved in eliciting an intracellular response to growth factors (Downward et al. 1984; Sugimoto, Whitman, Cantley & Erikson, 1984) . As haemopoietic growth factors such as haemopoietic cell growth factor (interleukin 3) can control survival, proliferation, development and self-renewal, the aberrant expression of such a protein may have profound effects on the process of hae mopoiesis. Similarly, autoproduction of a required growth factor would mean that some cells could survive and proliferate autonomously (Schrader & Crapper, 1983) (should this growth factor be able to promote self-renewal). T o investigate the role of oncogenes in these processes, we have treated marrow cultures in vitro with a variety of retroviruses containing oncogenes of known specificity.
The effects have been diverse, ranging from inhibition of haemopoiesis (Teich, Rowe, Testa & Dexter, 1981) , through increased longevity of haemopoiesis (Dexter, Scott & Teich, 1977) -to the development of leukaemic cells. Although some of the effects seen are almost certainly produced via changes in the regulatory stromal cell environment occurring as a consequence of retrovirus infection, the retroviruses used so far have carried oncogenes with a known tropism for haemopoietic cells. Because of this, we were interested in determining the effects of an oncogene with a known ability to transform 'connective tissue' cells -and in determining the subsequent effect upon haemopoietic cell proliferation and development. T o this end, the src oncogene seemed to be a suitable candidate.
src was initially described as the oncogene present in Rous sarcoma virus, which conferred on this virus the ability to induce sarcomas and carcinomas in chickens (Beard, 1963) . However, in common with other oncogenes, the normal cellular equivalent (c-src) has been found in many species, including man. T h e viral src (v-src) codes for a protein kinase (pp60src) that is found in the cytoplasm of virusinfected cells. Although the function of the normal c-src gene product is unknown, the cell lineage and tissue-specific patterns of expression of the protein suggests that it has a role to play in normal cell growth and development. For various reasons, it is difficult to infect mammalian cells with chicken retroviruses (like the Rous sarcoma virus). Therefore, to investigate the effects of v-src on murine haemopoiesis, we used a recombinant retrovirus in which the avian v-src oncogene was inserted into an amphotropic murine leukaemia virus. This recombinant virus src(M oM uLV) was then used to infect long-term marrow cultures (Boettiger, Anderson & Dexter, 1984; Spooncer, Boettiger & Dexter, 1984) .
For several weeks after infection, there was little change in the cultures. Com mencing about 5 weeks after infection, however, we saw a marked alteration in the stromal cells of these cultures (Fig. 2) , which progressively assumed a 'transformed' phenotype, i.e. marrow adipocytes disappeared and there was an overgrowth of large, highly basophilic adherent cells. At the same time, there was an increase in the numbers of macrophages. (N ote: antigenic characteristics show that the m acro phages and the transformed stromal cells do indeed represent different cell populations (P. Simmons, unpublished data).) Obviously, the changes in the stromal cells could have been anticipated, because of the known tropism of the src oncogene. What were surprising, however, were the changes seen in the haemo poietic activity in these cultures.
Concomitantly with the changes occurring in the stroma, there was a progressive reduction in the production of mature myeloid cells, which eventually reached levels less than 5 % of untreated controls. However, the stem cell (C F U -S) and committed progenitor cell (C F C -M ix and early G M -C F C ) populations increased dramatically to reach levels 2 0 x to 5 0 x above control values. In other words, infection with src(M oM u LV ) had induced a maturation block in the cultures. Superficially, therefore, the haemopoietic cells appeared to be 'leukaemic'. W hen examined further, however, we found the C F U -S to be quite capable of colonizing the haemopoietic system when injected into potentially lethally irradiated m ice; the Following further investigations, however, we found that the C F U -S from the srcinfected cultures differed from their normal counterparts in one fundamental respect: namely, their ability to self-renew in situations unfavourable for self-renewal of normal §tem cells.
If normal bone marrow, or long-term cultured C F U -S , are serially passaged in vivo (into irradiated mice) or in vitro (onto irradiated marrow stromal cells), they rapidly lose their ability to produce daughter stem cells and reconstitute hae mopoiesis (Schofield & Dexter, 1985) , i.e. their capacity for self-renewal declines. With cells from the src(MoMuLV)-infected cultures, however, no such decline occurs. The C F U -S could be passaged repeatedly in vivo with no apparent loss in their ability to reconstitute haemopoiesis; and could also be transferred repeatedly in vitro onto irradiated, but otherwise normal, marrow stromal cells. This was a puzzle, since it indicated that the C F U -S from the .src-infected cultures were intrinsically different from normal C F U -S . However, it was possible that the increased self renewal observed in vivo and in vitro was not a result of intrinsic changes in the stem cells, but was occurring as a result of modulation of self-renewal by contaminating transformed 'stromal' cells. To check this, we plated out the cells in soft agar, in the absence of stromal cells, using H C G F as the growth stimulus (Dexter, Boettiger & Spooncer, 1985; Spooncer et al. 1984) . Individual colonies arising in this assay were isolated and expanded in liquid culture in the presence of H C G F. The majority of such clones produced permanently growing, H C G F-dependent cell lines.
These cells have a primitive morphology, a diploid karyotype, are non-leukaemic in normal or immunosuppressed mice, and their continued growth in vitro is absolutely dependent upon H C G F -they do not respond to other haemopoietic growth factors such as GM-C SF or M-C SF. When re-plated in soft agar, in the presence of H C G F plus erythropoietin and appropriate culture medium, the cells have a plating efficiency of between 1 and 10% and a majority of the colonies produced contain cells of several lineages, e.g. erythrocytes, neutrophils, macro phages, megakaryocytes. Therefore, the permanently growing cell lines consist of multipotent cells and for this reason we denote them as F D C -M ix (Factor Dependent Cells -Mixed). We now have several such cell lines available for study, and they show also the following characteristics. to undergo erythroid and neutrophil development. Unlike the spleen colony forming ability, this is a stable characteristic that is not lost with time in culture. src(M oM uLV) infection of marrow culture, then, has provided us with a powerful tool to investigate further self-renewal and differentiation of stem cells. The F D C -M ix cells can be expanded in liquid culture to any desired cell number required for appropriate biochemical and molecular analysis. What is the role of src in the emergence and development of these multipotent cells? It seems that the effect has been indirect. Collaborative work in progress, with Drs Wyke and Stoker (IC R F , London), has shown that the F D C -M ix cells do not express v-src kinase activity and using molecular probes, we have been unable to demonstrate integration of the src(MoMuLV) in the cell lines. Thus, neither integration nor expression of the src oncogene is required for the maintenance of the stem cell lines. It seems probable then, that the original change occurred in the src(MoMuLV)-infected primary culture. Our working model suggests that src(MoMuLV) infection and trans formation of the stromal cells led to a disturbance in the normal regulatory environ ment. As a consequence of this, there then occurred a selection for multipotent cells with (a) an ability to survive and grow in this environment and (b) an increased probability for self-renewal that is intrinsic to the cells. We do not know, of course, if this represents a selection of a subpopulation of stem cells normally present in long term culture or if the cells arise as a consequence of an independent mutation event. However, several points are worthy of comment. Firstly, cells with this enhanced capacity for self-renewal occur with a high frequency and this would tend to rule out virus 'hit and run' models, or 'transformation' by virus promoter insertion. It seems probable, therefore, that the cells arise as a consequence of an independent mutation event conferring a stable change in self-renewal ability. If this is the case, it must be a highly mutable 'gene' because of the frequency with which such cells arise. Nonetheless, the results are important conceptually in terms of an understanding of leukaemogenesis.
Conventionally, leukaemic cells are thought to arise as a consequence of 'oncogene' expression in the haemopoietic cell (Fig. 3a) . As a result, the cell responds aberrantly to the normal stromal regulatory influences and expands inappropriately. Work with the src(M oMuLV) long-term cultures now suggests an alternative model (Fig. 3b ) : oncogene expression in the regulatory cells, leading to an inbalance in the normal growth and developmental signals and a selection for cells that can survive and grow in this unfavourable environment. These cells may not be leukaemic (they can still respond to differentiation-inducing signals like the F D C -M ix cells). However, they do have a selective advantage over their normal counterparts and the altered clone may then take over much of the haemopoietic system (consider, e.g ., human chronic myeloid leukaemia and the advantage of the Ph positive stem cells). Leukaemia may then arise when the cells undergo a further change, which makes them unresponsive to differentiation inducing signals, i.e. an 'uncoupling' of growth and development as suggested by Sachs (1980 Sachs ( , 1982 . In other words, for leukaemogenesis two inde pendent changes may often be necessary: one of them affecting the process of self renewal (giving clonal advantage) and the other affecting differentiation (leading to inhibition of maturation). One or both of these changes may be mediated indirectly by a disturbance in the normal regulatory influences. This leads on to the next question: what is the mechanism underlying differen tiation driven by the stromal cells and haemopoietic cell growth factors? Again, using marrow culture systems some intriguing data are emerging. We were interested in the several reports demonstrating that inhibitors of poly(ADP)-ribosylation of chromatin proteins could 'block' differentiation in certain in vitro cell systems (Farzaneh, Zalin, Brill & Shall, 1982; Johnstone & Williams, 1982) . The most effective inhibitor was 3-aminobenzamide and subsequent work with this compound showed that it could modulate the development of the G M -C F C (Francis et al. 1983) . No studies were reported on its effect on stem cells. T o investigate this aspect, we added 3-aminobenzamide to long-term marrow cultures and measured the numbers of C FU -S, G M -C F C and mature cells that were produced. The results were disappointing in that continuous treatment with a low concentration of 3-aminobenzamide did not influence stem cell growth or differentiation and higher doses of the compound were generally inhibitory for all stages of development -the stem cells, committed cells and mature cells. At least in long-term marrow cultures, therefore, the compound did not influence differentiation. At this time, we were also interested in examining the importance of ADP-ribosylation of cell membraneassociated proteins, particularly since changes in ribosylation have been shown to be important features of the regulatory subunits of adenylate cyclase in response to insulin, and various toxins (Coulson, Nassau & Tait, 1983; Tait & Nassau, 1984) . Moreover, a series of compounds had been synthesized that could act as artificial substrates for ADP-ribosylation by cholera toxin and that, therefore, had the potential to act as modulators of ADP-ribosylation 'in vivo'.
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Two of these agents were examined in detail: compounds 115 and 117 in T ait & Nassau (1984) . When added to long-term marrow cultures, the effects were dramatic, in that both caused a reduction in the production of mature cells to less than 1 % of control values. At the same time, there was no inhibition in the growth of C F U -S, which remained at control values even after several weeks continuous treatment. In many respects, therefore, the effects seen with compounds 115 and 117 on haemopoiesis resemble those seen after infection of long-term cultures with the src(M oM uLV) virus. To determine where the developmental block had occurred in cultures treated with compounds 115 and 117, we then measured the in vitro colony forming efficiency of cells in the presence of H C G F or C S F -1 . H C G F is a multi lineage stimulating factor that can recruit colony development from multipotent stem cells as well as committed progenitor cells. C S F -1 on the other hand, is a lineage restricted growth factor that recruits only the committed progenitor cells, the G M -C F C . Using these growth factors, it was therefore possible to determine where the maturation block had occurred. The results showed that compounds 115 and 117 led to a reduction of CSF-l-responsive cells to levels less than 1 % of control, while there was no reduction in the production of H C G F responsive cells (Dexter, Whetton & Heyworth, 1985) . Clearly, the block seen in the treated long-term cultures occurs at the level of the primitive multipotent cells.
Obviously, much further work is required before we can state with some certainty that the effects are due to modulation of ADP-ribosylation of membrane proteins. Nonetheless, the data demonstrate that the cells are blocked at the multipotent stem cell level and that H CGF 'overcomes' the block when the cells are plated in soft agar. This infers that part of the transition from multipotential to committed progenitor cells may well involve an ADP-ribosylation event.
In conclusion, many problems still remain to be solved. However, the last few years have seen the development of model systems for the growth and development of stem cells and of committed progenitor cells. The growth factors required for these cells have been purified to homogeneity and some of them have been molecu lar ly cloned. Oncogenes are present in vectors suitable for incorporation into the various stromal cells and haemopoietic cells. As indicated in this article, this has provided the means for obtaining 'stem cell' lines as models for self-renewal/ differentiation controls. Furthermore, stem cell differentiation can now be blocked using synthetic compounds and a combination of the various systems should encourage significant progress to be made in the next few years. 
